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$EVWUDFW Snow in rock faces plays a key role in the alpine
environment for permafrost distribution, snow water storage
or runoff in spring. However, a detailed assessment of snow
depths in steep rock walls has never been attempted. To un-
derstand snow distribution in rock faces a high-resolution ter-
restrial laser scanner (TLS), including a digital camera, was
used to obtain interpolated snow depth (HS) data with a grid
resolution of one metre. The mean HS, the snow covered
area and their evolution in the rock face were compared to
a neighbouring smoother catchment and a flat field station
at similar elevation. Further we analyzed the patterns of HS
distribution in the rock face after different weather periods
and investigated the main factors contributing to those distri-
butions.
In a first step we could show that with TLS reliable infor-
mation on surface data of a steep rocky surface can be ob-
tained. In comparison to the flatter sites in the vicinity, mean
HS in the rock face was lower during the entire winter, but
trends of snow depth changes were similar. We observed re-
peating accumulation and ablation patterns in the rock face,
while maximum snow depth loss always occurred at those
places with maximum snow depth gain. Further analysis of
the main factors contributing to the snow depth distribution
in the rock face revealed terrain-wind-interaction processes
to be dominant. Processes related to slope angle seem to
play a role, but no simple relationship between slope angle
and snow depth was found.
Further analyses should involve measurements in rock
faces with other characteristics and higher temporal reso-
lutions to be able to distinguish individual processes better.
Additionally, the relation of spatial and temporal distribution
of snow depth to terrain – wind interactions should be tested.
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 ,QWURGXFWLRQ
Knowledge on spatial and temporal variability of snow
depths in alpine terrain is of high importance because snow
plays an important role in many alpine environmental as-
pects, e.g. water management, snow avalanche formation
or permafrost occurrence. The snow distribution in rock
faces influences the existence of permafrost (Haeberli, 1996;
Keller and Gubler, 1993; Lu¨tschg et al., 2008; Hasler et al.,
2011) and contributes to the runoff in spring. As rock faces
are widespread in alpine environments (e.g. Gruber and Hae-
berli, 2007), knowledge about the distribution of snow depth
in them is important. However, such studies are rare due to
the limitations of traditional measurement methods in com-
bination with the inaccessibility and the existence of alpine
hazards. By contrast, snow depth distribution in less steep
alpine terrain has been studied for many years (e.g. Fo¨hn
and Meister, 1983; Cline et al., 1998; Liston and Sturm,
1998; Gauer, 2001; Deems et al., 2006; Doorschot et al.,
2001; Mott and Lehning, 2010) and recent ground temper-
ature trend analyses underline the importance of spatial and
temporal snow depth distribution (Zenklusen et al., 2010).
The distribution of snow depth in mountain regions is
mainly influenced by the amount of precipitation, solar radia-
tion, air temperature, wind conditions, topography and other
processes related to their interactions. On a smaller scale,
for example within alpine watersheds, the spatial variability
of snow depth is mainly determined by terrain-wind interac-
tions (e.g. Fo¨hn and Meister, 1983; Elder et al., 1991; Luce
et al., 1998; Gauer, 2001; Winstral et al., 2002; Raderschall
et al., 2008; Lehning et al., 2008) and therefore a lot of ef-
fort has been carried out to link snow depths to meteorolog-
ical (especially wind) and topographic factors (e.g. Blo¨schl
and Kirnbauer, 1992; Anderton et al., 2002; Winstral et al.,
2002; Trujillo et al., 2007; Gru¨newald et al., 2010; Mott et
al., 2010).
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In steep terrain, such as rock walls, it is to be expected
that the spatio-temporal variability of snow depth is not only
FDXVHG E\ ZLQG WUDQVSRUW EXW DOVR LQÁXHQFHG E\ SURFHVVHV UH
lated to slope angle and slope aspect such as solar radiation
and avalanching (including avalanches, sloughs and spin-
drifts). As knowledge about the snow depth distribution in
rock faces is scarce, many hypotheses have been formulated
EXW FRXOG VR IDU QRW EH YHULÀHG SURSHUO\ 'XH WR WKH KLJK LQ
ÁXHQFH RI JUDYLW\ LQ VWHHS WHUUDLQ GLIIHUHQW DXWKRUV DVVXPHG
that snow cannot accumulate permanently (Winstral et al.,
2002; Blo¨schl and Kirnbauer, 1992; Schmid and Sardemann,
2003). The latter presume that small sloughs starting from
slopes steeper than 55◦ are frequent while larger avalanches
are rare. Another frequent assumption is that with increasing
slope angle the snow depth and snow covered area decrease
(e.g. Anderton et al., 2002; Machguth, 2006). This assump-
WLRQ KDV EHHQ FRQÀUPHG E\ REVHUYDWLRQV LQ DOSLQH EDVLQV DW D
resolution of 25m (Blo¨schl and Kirnbauer, 1992).
/,'$5 DOWLPHWU\ PDNHV LW SRVVLEOH WR PHDVXUH DUHDZLGH
the snow depths with high accuracy, even in inaccessible ar-
eas. Airborne laser scanning (ALS) was successfully used
in previous studies to determine snow depth distribution in
DOSLQH WHUUDLQ HJ 'HHPV HW DO  +RSNLQVRQ HW DO
2004). In the last few years the technique of terrestrial laser
scanning (TLS) has increased the possibilities to measure
snow surfaces with higher spatial and temporal resolution
(Bauer and Paar, 2005; Jo¨rg et al., 2006; Prokop, 2008;
Schaffhauser et al., 2008; Gru¨newald et al., 2010). TLS mea-
surements have already been used to obtain precise digital el-
evation models of rock faces (Bauer et al., 2005; Alba et al.,
2005). Until present, TLS has never been applied to investi-
gate the variability of snow depths on rock faces.
In this study we examine TLS measurements to receive
snow depth data with a resolution of one metre in a rock
face in the eastern Swiss Alps. The aim is to obtain informa-
tion on (a) the amount of snow depth in the rock face and its
WHPSRUDO HYROXWLRQ FRPSDUHG WR ÁDWWHU VLWHV DW VLPLODU HOHYD
tion and in the vicinity, (b) the spatial-temporal variability of
snow depths and (c) possible inferences for processes caus-
ing this distribution. A strong focus will be on studying prob-
DEOH NH\ IDFWRUV LQÁXHQFLQJ WKH VQRZ GHSWK GLVWULEXWLRQ DQG
to investigate how far snow depth distribution is linked to fre-
quently used terrain parameters such as slope, curvature and
URXJKQHVV 5HJDUGLQJ WKH WHUUDLQ SDUDPHWHUV ZH DVVXPH WKDW
in a rock face more snow can accumulate in the steep, rough
areas than in the steep, smooth ones and that curvature in-
ÁXHQFHV ERWK DYDODQFKLQJ DQG ZLQG GULIW )LQDOO\ IUHTXHQWO\
made hypotheses, such as the one that with increasing steep-
ness snow depth decreases and that on slopes steeper than a
VSHFLÀF WKUHVKROG VQRZ FDQQRW DFFXPXODWH ZHUH WHVWHG IRU
the rock face on a small scale.
)LJ  2YHUYLHZ RI WKH VWXG\ VLWH :DQQHQJUDW UHJLRQ RI 'DYRV
Switzerland). Snow depths were measured with a terrestrial laser
scanner (TLS) in the south-west face of the ChX¨SIHQÁXH DQG LQ
the catchment of Albertibach. The used equipment was stored in
a container. To convert the TLS point-cloud into a Swiss coordi-
QDWH V\VWHP VHYHUDO À[HGLQVWDOOHG UHÁHFWRUV WLH SRLQWV ZHUH XVHG
Seven automatic weather stations (WAN1 to WAN7) deliver impor-
WDQW DGGLWLRQDO LQIRUPDWLRQ HJ WHPSHUDWXUH ZLQGGLUHFWLRQ )RU
measurements in the ChX¨SIHQÁXH WKH 7/6 ZDV SRVLWLRQHG QH[W WR
the weather station WAN2.
 'DWD DQG PHWKRGV
 6WXG\ VLWH
The main study site ChX¨SIHQÁXH LV D VRXWKZHVW RULHQWHG
VORSH LQ WKH UHJLRQ RI 'DYRV (DVWHUQ 6ZLVV $OSV )LJ 
The rock face elevation ranges from 2200 to 2658 m a.s.l.
The mean slope angle is 42◦ varying from horizontal to
nearly vertical (max. 86◦, calculated on a grid of 1 m resolu-
WLRQ )LJ  7KH EDVH DUHD KRUL]RQWDO SURMHFWHG DUHD RI WKH
rock face is about 0.16 km2, of which approximately 60 %
were covered by the TLS measurements. Surrounding the
ChX¨SIHQÁXH VHYHQ DXWRPDWLF ZHDWKHU VWDWLRQV PHDVXUH ZLQG
direction and velocity, air temperature, relative humidity and
VRODU UDGLDWLRQ DQG VHYHUDO À[HG UHIHUHQFH SRLQWV ZLWK UH
ÁHFWRUV DUH DYDLODEOH IRU UHIHUHQFLQJ WKH 7/6 PHDVXUHPHQWV
)LJ 
Two sites at similar elevations were used to compare the
snow depth in the rock face to more gentle terrain: the nearby
$OEHUWLEDFK FDWFKPHQW DQG WKH 9HUVXFKVIHOG :HLVVÁXKMRFK
The neighbouring Albertibach is generally smoother, less
steep (mean slope of 30◦ )LJ  DQG LQFOXGHV GLYHUVH
slope aspects (data published in Gru¨newald et al., 2010 and
Schirmer et al., 2011). It has a horizontal area of 1.3 km2 of
ZKLFK  ZHUH FRYHUHG E\ 7/6 7KH ÁDW ÀHOG 9HUVXFKVIHOG
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)LJ  +LVWRJUDP ZLWK WKH UHODWLYH IUHTXHQF\ FDOFXODWHG IRU FODVVHV
with a step width of 1◦ slope) of the slope.
)LJ  Course of the snow depth measured daily at the Versuchs-
IHOG :HLVVÁXKMRFK :)- DQG WKH PHDQ VQRZ GHSWK +6tot, calcu-
lated for the entire base area) of the rock face ChX¨SIHQÁXH DQG WKH
Albertibach catchment from winter 2008/2009.
:HLVVÁXKMRFK :)-  P DVO KDV RQH RI WKH ORQJHVW
records of snow depth observations worldwide and has been
VXEMHFW WR QXPHURXV LQYHVWLJDWLRQV HJ 6WRHVVHO HW DO 
)RU RXU SXUSRVH VQRZ GHSWK ZDV PHDVXUHG GDLO\ DW RQH SRLQW
6/)  )LJ 
 :HDWKHU FRQGLWLRQV
7KH VHDVRQDO GHYHORSPHQW RI VQRZ GHSWK PHDVXUHG DW :)-
during winter 2008/2009 was similar to the long-term mean
(1934 to 2008) although snow depth was generally higher
WKDQ DYHUDJH 6/)  7KH DFFXPXODWLRQ VHDVRQ DW :)-
started at the end of October 2008. Throughout the accu-
mulation season, snowfalls were predominantly observed in
7DEOH  Technical features of the used long range laser measuring
V\VWHPV /30 5LHJO 
Parameter Value
3ULQFLSOH 7LPHRIÁLJKW
Wavelength 905 nm
3XOVUDWH   +]
Beam spread angle 0.8 mrad
0D[ UDQJH ZLWK UHÁHFWDQFH < DQG +]  P
8VHG UHVROXWLRQ IRU ÀQHVFDQV ◦
Accuracy 25mm± 20 ppm
combination with strong northwest winds in the Albertibach
FDWFKPHQW DQG DW :)- $W WKH HQG RI -DQXDU\ WKH VWDWLRQV
measured snowfall in combination with weak winds, after the
FROODSVH RI D )o¨hn event (strong, dry southerly winds). An-
RWKHU )o¨hn event was responsible for the reduction of snow
GHSWK LQ WKH UHJLRQ RI 'DYRV LQ WKH EHJLQQLQJ RI )HEUXDU\
The accumulation season ended at the end of March (26
0DUFK )LJ  DQG ZDV IROORZHG E\ D SHULRG RI VWURQJ DE
lation. Towards the end of April, the ablation process was
interrupted by a period with little snowfall and colder tem-
peratures. In May, ablation was high due to warm temper-
atures. On 25 May (last measurement), the rock face was
nearly snow free, while the Albertibach catchment still had
over 30 % snow cover. The Albertibach catchment became
VQRZ IUHH DW WKH HQG RI -XQH (JOL HW DO  WKH 9HUVXFKV
IHOG :)- DW WKH EHJLQQLQJ RI -XO\ )LJ  6/) 
 0HDVXUHPHQW PHWKRGV
7KH 7/6 XVHG LQ WKLV VWXG\ 5LHJO /30 7DEOH  PHD
sures distances with a near-infrared signal with a wavelength
RI  QP HQVXULQJ IDYRXUDEOH UHÁHFWDQFH RI WKH VQRZ
3DLQWHU DQG 'R]LHU  DQG OLWWOH SHQHWUDWLRQ RI WKH ODVHU
signal (Prokop et al., 2008). The density of the resulting
SRLQW FORXG GHSHQGV RQ WKH GLVWDQFH WR WKH REMHFW WKH LQFOLQD
tion angle and the resolution used. The distance, inclination
angle and point divergence determine the size of each laser
footprint. With distances to the surface ranging from 350 to
700 m and a resolution of 0.36◦, the average point density
was 6.12 points per square meter. Circular footprints had di-
ameters of 0.14–0.28 m, but were usually enlarged to ellipses
where incidence angles were small. The actual error estima-
tion is discussed in the Sect. 2.5.
The TLS was positioned next to the weather stationWAN2
)LJ  LQVWDOOHG RQ D VWDEOH WULSRG 7R PLQLPL]H HUURUV
caused by a slight settling or tilting of the tripod, the dura-
tion of one scan was restricted to one hour and before each
VFDQ WKH SRVLWLRQ RI WKH 7/6 ZDV UHGHWHUPLQHG (VSHFLDOO\
at the foot of the face and behind large ridges, gaps in the
measured surface resulted from measuring shadows (blind
DUHDV )LJ  $GGLWLRQDOO\ D GLJLWDO FDPHUD &DQRQ (26
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350D) installed on the TLS, was used to take high-resolution
photos during measurements that were ortho-rectified during
processing.
The dataset for the main site consists of 14 TLS measure-
ments with snow during the winter 2008/2009 (January–May
2009), one measurement after the first snowfall of the winter
2009/2010 (21 October) and one scan without snow, serving
as the digital elevation model (DEM, Table 3). Additionally,
two helicopter-based ALS (Vallet et al., 2005; Skaloud et al.,
2006) data sets covering the entire area in 2009 were used:
one from 9 April close to peak snow depth in the area and
one from 19 September in snow free conditions. The time
lag between the TLS measurements of Chu¨pfenflue and Al-
bertibach was less than two days. In April, no measurements
were made in the Albertibach catchment. An overview of
the periods used for comparing Chu¨pfenflue, Albertibach and
WFJ is given in Table 2.
 3URFHVVLQJ
TLS data were processed with the software RiProfile (Riegl,
version, 1.4.3). Measurements were corrected for atmo-
spheric and geometric influences and filtered to achieve a
more balanced point density (octree-filter; Riegl, 2005). The
measured point cloud was transformed into the Swiss coor-
dinate system CH1903 using seven permanently installed re-
flectors with known coordinates. Based on the point-cloud
obtained with the TLS, we used the standard Delaunay trian-
gulation (Delaunay, 1934) within ArcGIS to obtain a digital
surface model (DSM). The maximal edge length of the tri-
angles was limited to 5 m to prevent interpolation in obvious
measuring shadows but to ensure that areas of low point den-
sity are still triangulated. The resulting triangulated irregu-
lar networks (TINs) were converted by a linear interpolation
into DSMs with a grid resolution of one meter. The optimal
cell size for the DSM grids was estimated, by comparing the
volume of snow depth change of three accumulation periods
calculated with different cell sizes (between 0.5 m and 10 m)
to the reference volume (calculated based on the TIN). The
results were similar for all cell sizes and errors were always
smaller than 2 % of the TIN volume. The resolution of one
meter offered a good compromise between resolution, data
storage requirements and the retention of original data points.
Snow depth changes over time are calculated by subtracting
DSM grid values of differing measurement dates; snow depth
by subtracting DSM grid values from the DEM. In this study
we use snow depth (HS) referring to the vertical height (per-
pendicular to the earth centre) as it is used to estimate the
snow water equivalent (Fierz et al., 2009).
Snow covered area (SCA) is important to understand the
distribution of HS, however, using TLS only, it cannot be
examined precisely as the snow cover in the rock face is often
thin and lies within the uncertainty of the HS data generated
by subtraction (see next Section). To overcome this, a binary
raster mask of SCA for each measurement day was generated
manually using a threshold for one of the colour orthophoto
3*8 bit RGB channels. During the accumulation season, a
blue value higher than 140 and during the ablation season
red values between 160 and 230 were used as thresholds for
snow.
To estimate the HS changes only those cells were included
which were snow covered at the beginning and at the end of
the period analyzed. This restriction allows excluding cells,
which get snow free during the observation period and there-
fore facilitates the determination of reliable ablation rates
(the term ablation is used here to summarize all processes
causing negative HS changes). The rare case is excluded in
which many pixels may show a small ablation rate for a given
time period between TLS measurements, caused by the fact
that the pixel was already close to complete melt at the start
of the period. Mean HS is therefore also given with respect
to the snow-covered base area. The only exception to this is
the comparison with Albertibach and WFJ where mean HS
is calculated for the entire base area (HStot) the aim was to
get an idea about the total amount of HS with respect to the
area within a study site.
Based on the summer DEM, slope angle, curvature and
surface roughness (VRM; Sappington et al., 2007) were cal-
culated within ArcGIS. As this strongly depends on cell size,
we derived terrain parameters at diverse resolutions (1 m,
5 m, 10 m and 25 m) in order to analyze the effects of small
vs. bigger terrain features.
 'DWD TXDOLW\ DQDO\VLV
Prokop et al. (2008) and Gru¨newald et al. (2010) quantified
the error of snow depth measurements achieved with terres-
trial laser scanning systems in alpine terrain and compared
it to other established methods such as tachymeter or man-
ual snow probing. Prokop et al. (2008) showed that at dis-
tances up to 300 m the mean difference (µ) between the meth-
ods was 4.5 cm with a standard deviation (σ ) of approxi-
mately 2 cm. The measurements carried out by Gru¨newald
et al. (2010) and by Kenner et al. (2011), using the same
TLS as in this study yielded similar results (up to 250 m:
µ = 4 cm and σ = 5 cm). These results cannot be transferred
directly to the rough and steep surface examined here and
tachymeter-based reference measurements without a reflec-
tor were impossible due to the large distance between TLS
and rock face. We tested our measurements for repeatabil-
ity (same setup, unchanged object) on four days and for re-
producibility (changed setup, unchanged object) once for the
snow-covered surface and on four days for the snow-free sur-
face. Additionally, TLS and ALS measurements of the snow
free rock face were compared to analyze errors in blind areas
of the TLS and to compare both methods.
All repeatability tests showed similar results and we
present the results of 17 March only. A mean error of 8.7 cm
(mean of the absolute differences, (µAE) together with a stan-
dard deviation of 20.3 cm was observed. The offset (µ)
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7DEOH  Observation periods (given by two following TLS measurements), snow depth change (dHS) at the Versuchsfeld Weissfluhjoch
(WFJ), the Chu¨pfenflue (Chu¨pfen.) and the Albertibach catchment (Albertib.) and their variability (CV). The periods refer to the periods
used in Table 3.
WFJ Chu¨pfen. Albertib.
Date Period dHS [m] dHS [m] CV dHS [m] CV
16 Jan–28 Jan 2009 1 0.32 0.28 0.62 0.25 0.78
28 Jan–3 Feb 2009 2 −0.08 −0.13 −0.93 −0.10 −1.02
3 Feb–4 Mar 2009 3 0.46 0.32 1.22 0.41 1.32
4 Mar–17 Mar 2009 4 0.22 0.16 1.45 0.24 1.08
17 Mar-27 Mar 2009 5 0.31 0.13 1.78 0.41 0.74
27 Mar–31 Mar 2009 6 −0.13 −0.05 −3.43 −0.10 −1.62
31 Mar–1 May 2009 7/8/9 −0.37 −0.72 −0.75 −0.81 −0.50
1 May–15 May 2009 10/11 −0.38 −0.32 −1.44 −0.52 −0.31
16 May–20 May 2009 12 −0.21 −0.35 −0.61 −0.33 −0.33
21 May–25 May 2009 13 −0.31 −0.63 −0.30 −0.45 −0.29
7DEOH  Observation periods in the southwest face of the Chu¨pfenflue: name of the period, date, mean snow depth change of the snow
covered cells (dHS, in m), snow depth at the end of the period (HSend, in m), coefficient of variation of the snow depth change (CV dHS)
and coefficient of variation of HSend (CV HSend) and the main weather situation.
Periods Date dHS [m] HSend[m] CV dHS CV HSend Weather situation
DGM 23 Aug 2008 Snow free
Period 1 16 Feb–28 Feb 2009 0.28 0.80 0.62 0.68 Snowfall with weak wind
Period 2 28 Jan–3 Feb 2009 −0.13 0.67 −0.93 0.79 Fo¨hn event
Period 3 3 Feb–4 Mar 2009 0.32 0.96 1.22 0.81 Snowfall with NW-wind
Period 4 4 Mar–17 Mar 2009 0.16 1.14 1.45 0.80 Snowfall with NW-wind
Period 5 17 Mar–27 Mar 2009 0.13 1.28 1.78 0.84 Snowfall with NW-wind
Period 6 27 Mar–31 Mar 2009 −0.05 1.30 −3.43 0.90 HS reduction
Period 7 31 Mar–15 Apr 2009 −0.89 0.94 −0.34 1.01 HS reduction
Period 8 15 Apr–24 Apr 2009 −0.19 0.84 −0.81 1.51 HS reduction
Period 9 24 Apr–1 May 2009 0.06 0.53 2.42 1.11 Snowfall & HS reduction
Period 10 1 May–7 May 2009 −0.13 0.80 −1.26 1.36 HS reduction
Period 11 7 May–15 May 2009 −0.56 0.59 −0.56 HS reduction
Period 12 15 May–20 May 2009 −0.35 0.77 −0.61 1.08 HS reduction
Period 13 20 May–25 May 2009 −0.63 0.84 −0.3 0.88 HS reduction
Period 0 Oct 2009 0.18 0.18 1.77 0.77 Snowfall with NW-wind
was negligible (µ = −2.9 cm). The results of the repro-
ducibility were similar but with slightly larger deviations
(µAE = 13 cm, µ = −18.5 cm and σ = 38 cm). In most
cases, the main differences occurred in the rough parts of the
rock face. In those rough and steep areas the main deviations
between DEMs derived from TLS and ALS occurred. The
comparison with ALS data confirmed that within blind areas
of the TLS it was not possible to interpolate appropriately.
The absolute differences between the two DEMs excluding
blind areas were on average µAE = 48.2 cm, µ = 38.5 cm
and σ = 81 cm with elevations based on TLS generally being
higher. The offset between both data sets probably resulted
from wrong calibration of the reference points. We therefore
did not calculate snow depths derived from different LIDAR-
methods.
 ([SORUDWLYH GDWD DQDO\VLV
In an attempt to describe the amount of snow and its tem-
poral evolution in the rock face comparatively, we compare
the mean HStot, the mean HS changes as well as SCA be-
tween the rock face and more gentle terrain. The dataset was
analyzed visually and with descriptive statistics (histogram,
mean µand standard deviation σ ). To describe the variability
of HS, the coefficient of variation (CV = σ /µ) was used. The
simple linear regression coefficient (R) of Pearson for two
univariate variables was applied to quantify the similarity
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EHWZHHQ GLIIHUHQW VSDWLDO GLVWULEXWLRQV RI +6 7KH .UXVNDO
Wallis-Test is used to study which factors are relevant for
+6 SDWWHUQV :H WHVWHG LI YDULDELOLW\ RI +6 FDQ EH H[SODLQHG
E\ D VLPSOH WHUUDLQ SDUDPHWHU DJDLQ XVLQJ 3HDUVRQ·V FRHIÀ
cient of determination (R) for two univariate variables. We
further analyzed if a linear relation exists between simple ter-
UDLQ SDUDPHWHUV WR +6 SDWWHUQV RI GLIIHUHQW SHULRGV 7KH PRVW
common parameters used in previous studies include eleva-
tion, slope aspect, slope and curvature (e.g. Golding, 1974;
(OGHU  $V RQO\ VPDOO UDQJHV RI VORSH DVSHFW 66( WR
W) and elevation (2100 to 2700 m a.s.l.) were measured in
WKH URFN IDFH LW ZDV QRW SRVVLEOH WR VWXG\ WKH LQÁXHQFH RI WKH
frequently used parameters slope aspect and elevation on the
snow distribution. We therefore analyzed the correlations be-
tween slope, curvature and surface roughness and snow depth
distribution. The parameter surface roughness was included,
because in a rock face more snow may accumulate in steep
rough parts than in steep smooth terrain. The used terrain pa-
rameters were all calculated within ArcGIS. To describe the
VXUIDFH URXJKQHVV ZH XVHG WKH YHFWRUEDVHG SDUDPHWHU 950
9HFWRU 5RXJKQHVV 0HDVXUHPHQW GHVFULEHG E\ 6DSSLQJWRQ
(2007).
 5HVXOWV
 &RPSDULVRQ ZLWK PRUH JHQWOH WHUUDLQ
7KH HYROXWLRQ RI PHDQ +6tot at ChX¨SIHQÁXH $OEHUWLEDFK DQG
9HUVXFKVIHOG :HLVVÁXKMRFK :)- ZHUH VLPLODU )LJ  $W
all three sites the peak of winter accumulation was reached at
the end of March and from January to the end of the accumu-
ODWLRQ VHDVRQ WKH PHDQ +6tot LQFUHDVHG E\ DERXW   )XU
WKHUPRUH DW DOO WKUHH ORFDWLRQV D UHGXFWLRQ RI +6tot occurred
DW WKH EHJLQQLQJ RI )HEUXDU\ GXH WR D )o¨hn event. A period
with strong ablation at the beginning of April followed the
SHDN RI ZLQWHU DFFXPXODWLRQ )URP WKH HQG RI 0DUFK WR WKH
HQG RI 0D\ WKH +6tot decreased. In May, when air temper-
atures measured in the study area stayed above zero degrees
nearly daily, the reduction was particularly strong.
0HDQ +6tot at ChX¨SIHQÁXH ZDV FRQVWDQWO\ VPDOOHU ZLWK D
PD[LPXP GLIIHUHQFH RI  P WR :)- RQ  0D\ DQG P WR
WKH $OEHUWLEDFK FDWFKPHQW RQ  0DUFK )LJ  $W WKH HQG
RI WKH DFFXPXODWLRQ VHDVRQ PHDQ +6tot at ChX¨SIHQÁXH ZDV
1.1 m, 2.2 m at Albertibach and 2.4 m at the Versuchsfeld
:)- 1RWH DJDLQ WKDW :)- LV D SRLQW PHDVXUHPHQW DQG WKH
other two are averages over areas. The difference in mean
+6tot between the rock face and the other two sites increased
ZLWK KLJKHU +6tot GXULQJ WKH DFFXPXODWLRQ SHULRG 'XULQJ WKH
ablation period, no clear trend was found: the difference to
$OEHUWLEDFK GHFUHDVHG ZKLOH WKH GLIIHUHQFH WR WKH :)- ÀUVW
LQFUHDVHG XQWLO WKH HQG RI $SULO EXW ÀQDOO\ DOVR GHFUHDVHG
towards the end of May.
5HJDUGLQJ FKDQJHV RI +6tot during periods with snowfall,
more snow accumulated in the more gently sloping sites than
)LJ  Snow covered area (SCA) in the rock face ChX¨SIHQÁXH
and in the Albertibach catchment from 16 January to 25 May 2009.
SCA was calculated for the entire base area.
LQ WKH URFN IDFH H[FHSW GXULQJ WKH ÀUVW REVHUYDWLRQ SHULRG
when snowfall was accompanied by weak wind (Table 2).
The highest difference occurred in the last period of the ac-
FXPXODWLRQ VHDVRQ ZKLOH DW $OEHUWLEDFK DQ LQFUHDVH LQ +6tot
RI  FP DQG DW :)- RI  FP ZDV PHDVXUHG +6tot at
ChX¨SIHQÁXH LQFUHDVHG RQO\ E\  FP 'XULQJ WKH )o¨hn pe-
ULRG LQ )HEUXDU\ WKH UHGXFWLRQ RI +6tot in the rock face was
FRPSDUDEO\ KLJKHU 'XULQJ WKH WKH ÀUVW SDUW RI WKH DEODWLRQ
VHDVRQ WKH UHGXFWLRQ RI +6tot ZDV PRVWO\ KLJKHU DW WKH ÁDW
ter sites, but towards the end of the accumulation season the
reduction was greater in the rock face.
Throughout the observation period, SCA in the rock face
ZDV DW OHDVW  ORZHU WKDQ DW $OEHUWLEDFK )LJ  'XULQJ
the accumulation period in the rock face, at least 20% of the
area remained snow free, at Albertibach maximal 3%. The
highest relative difference in SCA (33 %) between the two
sites occurred in the middle of May, when already most of
the area in the rock face was snow free (SCA = 11%).
7KH VSDWLDO YDULDELOLW\ RI +6tot at ChX¨SIHQÁXH
(1.98<CV<4.5) was at least 30% higher than at Al-
bertibach (0.53<CV<2.5) throughout the entire observation
SHULRG 'XULQJ WKH DFFXPXODWLRQ VHDVRQ WKH GLIIHUHQFH
was smaller (max CVdiff = 0.5) than during the ablation
period (max CVdiff   ,Q DGGLWLRQ WKH FKDQJHV LQ +6tot
were more variable in the rock face than in the Albertibach
FDWFKPHQW H[FHSW GXULQJ WKH ÀUVW WZR SHULRGV ZLWK VQRZIDOO
LQ FRPELQDWLRQ ZLWK SUDFWLFDOO\ QR ZLQG RU ZLWK D )o¨hn
event (Table 2).
 6QRZ GHSWK GLVWULEXWLRQ LQ WKH URFN IDFH
7KH VSDWLDO SDWWHUQV RI +6 LQ WKH URFN IDFH UHPDLQHG VLP
LODU GXULQJ WKH HQWLUH ZLQWHU )LJ  7KH PDLQ VQRZ DF
cumulations occurred in the lee of ridges orientated normal
to the prevailing wind direction (northwest), in small gul-
OLHV RU DW WKH IRRW RI VWHHS URFNV )LJ  SRLQWV RXW WKDW
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)LJ  6QRZ GHSWK +6 LQ WKH URFN IDFH &KX¨SIHQÁXH LQ ZLQWHU
 7KH UHG FLUFOHV VKRZ DUHDV ZLWK KLJK +6 GXULQJ WKH HQWLUH
winter.
FHOOV ZLWK WKH KLJKHVW   RI +6 ZHUH DOZD\V IRXQG WR EH
at the same locations for the different measurement times.
Cells with only a thin snow cover mostly occurred on ridges
or around the peak. Those repeating patterns were also ex-
SUHVVHG LQ KLJK FRUUHODWLRQV EHWZHHQ WKH +6 GLVWULEXWLRQV RI
different measurement dates (Table 4) and especially with
WKH SDWWHUQV RI +6max WKH +6 DW WKH HQG RI WKH DFFXPX
lation season (R > 0.79) between the two winters studied.
7KH FRUUHODWLRQV EHWZHHQ +6 DIWHU WKH ÀUVW VQRZIDOO LQ ZLQ
WHU  WR +6max of the winter 2008/2009 were weaker
(0.37<R< 0.47).
(YHQ LI WKH VSDWLDO SDWWHUQV RI +6 ZHUH VLPLODU GXULQJ
WKH HQWLUH REVHUYDWLRQ SHULRG WKH GLVWULEXWLRQ RI +6 FKDQJHV
during one single observation period varied, depending on
weather conditions (e.g. snowfall in combination with strong
QRUWK ZHVWHUO\ ZLQGV YV VQRZIDOO ZLWK ZHDN ZLQGV 'XU
ing the accumulation season, periods with snowfall accom-
panied by strong winds were most frequent (Table 3). The
SDWWHUQV RI +6 FKDQJHV GXULQJ WKRVH SHULRGV ZHUH VLPLODU
)LJ  DQG 7DEOH  DQG FRUUHODWHG ZHOO ZLWK WKH VSDWLDO GLV
WULEXWLRQ RI +6max 7DEOH  'XULQJ D SHULRG ZLWK VQRZ
fall and weak winds (16 to 28 January) the distribution of
+6 FKDQJHV VKRZHG D PRUH KRPRJHQHRXV SDWWHUQ DQG ORZHU
variability (CV = 0.62, Table 3). In comparison with peri-
ods with strong winds (CVmin = 1.22), snow accumulated
more regularly, no particular accumulation zones were es-
tablished and areas, which normally stayed snow free during
snowfalls, became snow covered (highest SCA on 28 Jan-
XDU\ )LJ  7KH GLVWULEXWLRQ RI +6 DIWHU WKH VQRZIDOO HYHQW
ZLWK QR ZLQG GLG QRW FRUUHODWH ZHOO ZLWK +6max (R= 0.18)
RU +6 FKDQJH |R|max = 0.17); but it correlated negatively to
WKH +6 FKDQJHV DEODWLRQ LQ )HEUXDU\ GXH WR D )o¨hn event
(R=−0.55).
)LJ  )UHTXHQF\ RI FHOOV ZLWK KLJKHVW +6 SHU REVHUYDWLRQ GD\ RYHU
the winter 2008/2009. The frequency shows how often a cell had a
+6 ZLWKLQ WKH UDQJH RI +6 RI  RI WKH FHOOV ZLWK WKH KLJKHVW +6
of this observation day (calculated based on a cumulative histogram
RI +6 SHU REVHUYDWLRQ GD\ $ YDOXH RI RQH PHDQV WKDW D FHOO KDG RQ
DOO REVHUYDWLRQ GD\V D +6 ZLWKLQ WKH UDQJH RI +6 RI WKH  RI FHOOV
ZLWK WKH KLJKHVW +6 RI WKLV REVHUYDWLRQ GD\
)LJ  6QRZ GHSWK FKDQJHV G+6 GXULQJ GLIIHUHQW REVHUYDWLRQ SH
riods in the rock face ChX¨SIHQÁXH GXULQJ WKH ZLQWHU  DQG RI WKH
ÀUVW VQRZIDOO HYHQWV RI WKH ZLQWHU  LQ 2FWREHU 
'XULQJ WKH DEODWLRQ VHDVRQ WKH SDWWHUQV RI FKDQJHV LQ +6
ZHUH PDLQO\ LQÁXHQFHG E\ WKH GLVWULEXWLRQ RI WKH SHUVLVW
LQJ VQRZ GHSWK :KHUH +6max was high, its reduction was
VWURQJHU )LJV  DQG  7KHVH REVHUYDWLRQV ZHUH FRQÀUPHG
E\ VWURQJ QHJDWLYH FRUUHODWLRQV RI +6 FKDQJHV ZLWK +6max
(−0.55 < R < −0.31, Table 5) as well as by a Kruskal-
:DOOLVWHVW )LJ 
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7DEOH  Persons Correlation coefficients between snow depth (HS) distributions in the rock face Chu¨pfenflue on different days in 2009.
Date 16 Jan 28 Jan 2 Mar 4 Mar 17 Mar 27 Mar 31 Mar ALS 15 Apr 24 Apr 1 May 7 May 15 May 20 May 25 May 21. Oct
16 Jan 1 0.95 0.94 0.89 0.86 0.83 0.84 0.78 0.78 0.8 0.82 0.8 0.73 0.68 0.54 0.69
28 Jan 0.95 1 0.95 0.9 0.87 0.82 0.83 0.67 0.75 0.76 0.77 0.75 0.68 0.61 0.47 0.58
2 Mar 0.94 0.95 1 0.88 0.84 0.79 0.79 0.59 0.72 0.74 0.75 0.73 0.7 0.62 0.5 0.55
4 Mar 0.89 0.9 0.88 1 0.97 0.95 0.95 0.65 0.9 0.88 0.86 0.88 0.82 0.78 0.77 0.53
17 Mar 0.86 0.87 0.84 0.97 1 0.98 0.98 0.85 0.95 0.95 0.92 0.95 0.89 0.89 0.87 0.55
27 Mar HSmax 0.83 0.82 0.79 0.95 0.98 1 0.99 0.72 0.93 0.92 0.89 0.91 0.83 0.81 0.8 0.47
31 Mar 0.84 0.83 0.79 0.95 0.98 0.99 1 0.74 0.95 0.94 0.91 0.93 0.86 0.85 0.83 0.47
ALS 9 Apr 0.78 0.67 0.59 0.65 0.85 0.72 0.74 1 0.81 0.88 0.77 0.81 0.75 0.8 0.91 0.37
15 Apr 0.78 0.75 0.72 0.9 0.95 0.93 0.95 0.81 1 0.98 0.97 0.97 0.9 0.88 0.87 0.52
24 Apr 0.8 0.76 0.74 0.88 0.95 0.92 0.94 0.88 0.98 1 0.98 0.98 0.95 0.94 0.93 0.54
1 May 0.82 0.77 0.75 0.86 0.92 0.89 0.91 0.77 0.97 0.98 1 0.98 0.93 0.9 0.92 0.53
7 May 0.8 0.75 0.73 0.88 0.95 0.91 0.93 0.81 0.97 0.98 0.98 1 0.94 0.92 0.93 0.52
15 May 0.73 0.68 0.7 0.82 0.89 0.83 0.86 0.75 0.9 0.95 0.93 0.94 1 0.97 0.97 0.52
20 May 0.68 0.61 0.62 0.78 0.89 0.81 0.85 0.8 0.88 0.94 0.9 0.92 0.97 1 0.97 0.53
25 May 0.54 0.47 0.5 0.77 0.87 0.8 0.83 0.91 0.87 0.93 0.92 0.93 0.97 0.97 1 0.33
21 Oct 69 0.58 0.55 0.53 0.55 0.47 0.47 0.37 0.52 0.54 0.53 0.52 0.52 0.53 0.33 1
7DEOH  Persons Correlation coefficients between distributions of snow depth change (dHS) and snow depth at the end of the accumulation
season (HSmax ) in the rock face Chu¨pfenflue on different days in 2009. Periods are described in Table 3.
Period 1 2 3 4 5 6 7 8 9 10 11 12 13 0 HSmax
1 1 −0.55 0.1 0.08 0.01 −0.17 −0.08 −0.13 −0.01 −0.06 −0.2 0.04 0.1 −0.06 0.18
2 −0.55 1 −0.28 −0.2 −0.14 0.03 0.17 0.05 0.05 0.06 0.31 0.09 0.04 −0.03 −0.22
3 0.1 −0.28 1 0.56 0.48 −0.44 −0.51 −0.33 −0.02 −0.06 −0.42 −0.33 −0.25 0.3 0.82
4 0.08 −0.2 0.56 1 0.45 −0.47 −0.48 −0.33 0 0.04 −0.33 −0.31 −0.24 0.28 0.74
5 0.01 −0.14 0.48 0.45 1 −0.62 −0.45 −0.27 −0.01 0.06 −0.34 −0.21 −0.3 0.19 0.63
6 −0.17 0.03 −0.44 −0.47 −0.62 1 0.38 0.33 0.04 0.06 0.4 0.18 0.17 −0.07 −0.43
7 −0.08 0.17 −0.51 −0.48 −0.45 0.38 1 0.26 0.03 0.14 0.51 0.22 0.24 −0.12 −0.55
8 −0.13 0.05 −0.33 −0.33 −0.27 0.33 0.26 1 −0.28 −0.01 0.34 0.12 0.2 −0.01 −0.31
9 −0.01 0.05 −0.02 0 −0.01 0.04 0.03 −0.28 1 −0.31 −0.14 −0.02 0.1 0.04 0.04
10 −0.06 0.06 −0.06 0.04 0.06 0.06 0.14 −0.01 −0.31 1 −0.17 0.09 0.08 0 −0.06
11 −0.2 0.31 −0.42 −0.33 −0.34 0.4 0.51 0.34 −0.14 −0.17 1 0.21 0.07 −0.12 −0.51
12 0.04 0.09 −0.33 −0.31 −0.21 0.18 0.22 0.12 −0.02 0.09 0.21 1 0.17 −0.23 −0.47
13 0.1 0.04 −0.25 −0.24 −0.3 0.17 0.24 0.2 0.1 0.08 0.07 0.17 1 −0.24 −0.45
0 −0.06 −0.03 0.3 0.28 0.19 −0.07 −0.12 −0.01 0.04 0 −0.12 −0.23 −0.24 1 0.47
Hsmax 0.18 −0.22 0.82 0.74 0.63 −0.43 −0.55 −0.31 0.04 −0.06 −0.51 −0.47 −0.45 0.47 1
 &RUUHODWLRQ ZLWK WHUUDLQ IHDWXUHV
The correlation analysis between snow distributions and ter-
rain parameters showed similar results for all cell sizes (Ta-
ble 6). Only weak correlations between changes in HS
or absolute HS and slope angle (|R|max = 0.13), curvature
(|R|max= 0.21) and surface roughness (|R|max= 0.21) were
found. Correlations were particularly small (|R|max = 0.09)
during the ablation season. The results of a Kruskall-Wallis-
Test support that slope has nearly no influence on the amount
of negative HS changes (Fig. 10, topleft).
Even though correlations between terrain parameters and
HS were weak, snow-covered cells at the end of the accumu-
lation period differed significantly from the snow-free cells
with regard to slope angle and surface roughness (Fig. 10).
The snow-covered cells at the end of the accumulation season
were significantly less steep and less rough. Note that steep-
ness and roughness have been determined from the summer
DEM as described above. On the other hand, at the end of
the accumulation period nearly 40% of the snow covered
cells had slope angles between 35◦ and 40◦, but less than
5% of the snow covered cells had slope angles lower than
30◦ (Fig. 8). The highest HSmax in the rock face occurred in
areas around 40◦ and not in flat parts of the rock face as may
have been expected. Cells with slope angles between 35◦
and 40◦ had an average HSmax of 1.5 m. The mean HSmax of
cells with a slope angle lower than 30◦ was only around 1 m,
similar to the mean HSmax of cells with a steepness between
60◦ and 70◦. Smallest variability of HS occurred around 35◦
where mean HS was highest (Fig. 8). In areas with steep
slopes the coefficient of variation of HS is much higher than
in gently-sloping terrain. The distribution of slope angles in
the rock face is not uniform and only few cells have slope
angles below 30◦ or higher than 70◦ (Fig. 9, right axis).
The influence of slope angles on SCA was examined in-
dependently of their distribution (Fig. 9). The highest SCA
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7DEOH  Persons Correlation coefficients between snow depth (HS)
and HS change distributions of different periods (see Table 3), re-
spectively on different days, and terrain parameters with different
cellsizes.
Slope 1 m 2 m 5 m 10 m 25 m
Period 5 −0.06 −0.04 −0.03 −0.08 −0.01
Period 1 0.08 0.04 0.07 0.13 0.06
Period 2 −0.08 −0.03 −0.07 −0.1 −0.03
Period 11 0 0.06 0 0.01 0.03
Period 9 −0.06 −0.01 −0.04 −0.09 0
HS 27 Mar 2009 −0.08 −0.1 −0.06 −0.09 −0.06
HS 25 May 2009 0.05 −0.06 0 −0.08 −0.1
HS 21 Oct 2009 −0.09 −0.05 −0.06 −0.12 −0.02
CURVATURE 1 m 2 m 5 m 10 m 25 m
Period 5 −0.09 −0.09 0 −0.15 −0.03
Period 1 −0.14 −0.18 −0.01 −0.21 −0.13
Period 2 0.03 0.12 0.02 0.14 0.1
Period 11 0.2 0.09 0 0.14 0.08
Period 9 −0.06 0.01 0 0.05 0.03
HS 27 Mar 2009 −0.17 −0.11 0 −0.2 −0.08
HS 25 May 2009 −0.06 0.11 −0.02 −0.07 −0.03
HS 21 Oct −0.32 −0.04 −0.01 −0.02 0.01
ROUGHNESS 1 m 2 m 5 m 10 m 25 m
Period 5 −0.13 −0.12 −0.05 −0.02 0.01
Period 1 0.1 0.13 0.17 0.14 −0.11
Period 2 −0.06 −0.08 −0.1 −0.08 0.01
Period 11 0.07 0.04 −0.02 −0.01 −0.01
Period 9 −0.04 −0.05 −0.05 0 −0.02
HS 27 Mar 2009 −0.13 −0.11 −0.03 0.01 0
HS 25 May 2009 −0.03 −0.11 −0.1 −0.12 0.21
HS 21 Oct 2009 −0.11 −0.11 −0.11 −0.07 −0.02
occurred around 40◦, where HS was largest (Fig. 8). Nev-
ertheless, 70 % of the cells with slope angles between 50◦
and 55◦ and 50% of those with slope angles between 60◦
and 65◦ were snow covered. However, in classes with slope
angles lower than 30◦ up to 50 % of the cells remained snow
free. Most of the near-horizontal areas in the rock face occur
on wind-exposed ridges or close to the summit, where air-
flow often accelerates. This may explain the high proportion
of gently-sloping snow free cells. However, this might not be
the case in rock faces were flat areas are less wind exposed.
To confirm the hypothesis that snowfall events with weak
wind lead to higher SCA than those with a strong northwest-
wind, snowfalls with differing wind conditions were inves-
tigated. SCA was higher after snowfalls in calm conditions
than after those with strong wind, at least in areas with slope
angles between 20◦ and 80◦ (Fig. 9). The two curves differ
mostly between 45◦ and 70◦ and show that snowfalls in calm
conditions resulted in accumulation in steeper and rougher
areas.
)LJ  Left axis: Histogram (calculated for classes with a step
width of 5◦ slope) of the mean snow depth (mean HS, left axis) and
its coefficient of variation (CV HS). Right axis: Relative frequency
of the snow covered cells (SCA) in the rock face Chu¨pfenflue on
27 March 2009.
)LJ  The left axis shows the histogram with the relative frequen-
cies of the snow covered cells per class (classes of cells with a step
width of 5◦ slope) after a period with snowfall in combination with
weak winds (28 January), respectively in combination with strong
northwest winds (27 March). The right axis shows the histogram of
the slope angle distribution in summer (based on DEM 1m).
 'LVFXVVLRQ
 $SSOLFDELOLW\ RI 7/6 IRU +6 PHDVXUHPHQWV LQ VWHHS
DQG URXJK WHUUDLQ
To investigate the temporal and spatial variability of HS dis-
tributions in a rock face high temporal and spatial resolu-
tion is needed. The presented data include 14 measurement
campaigns before or after an important snowfall or ablation
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)LJ  Top: Box plots to compare slope angle (left plot) and snow
depth at the end of the accumulation season (HSmax , right plot)
of cells with a snow depth change (dHS) higher (>mean) or lower
(<mean) than the mean. dHS is given for period 7, ranging from
31 March to 15 April 2009. Bottom: Box plots to compare surface
roughness (VRM, left plot) and slope angle (right plot) of snow free
or snow covered cells in the rock face Chu¨pfenflue. The snow cover
is estimated based on the orthophoto from 27 March 2009 (end of
the accumulation season).
event from January to May of the winter 2008/2009 and one
additional scan after the first snowfall event of the winter
2009/2010. This temporal resolution allowed investigating
the temporal evolution of HS and their changes in the rock
face during one winter season. However, fast changes in HS,
e.g. negative HS changes during the first clear days after a
snowfall event or avalanching during storms, could not be
investigated. Higher temporal resolution of measurements
would strongly increase the possibilities to further improve
knowledge about influencing processes.
As HS changes off all the observation periods were in the
order of a few decimetres (Table 2), the accuracy of obtained
HS data should be in the order of cm–dm. The analysis of
the spatial variability of HS in a rock face requires a spatial
grid resolution of a few metres, depending on the roughness
of the investigated surface. In order to investigate processes,
HS data should cover most areas of the rock face (lack of
measurement shadows). The TLS point clouds, which had
a small noise component and a mean density of more than
6 points per square metre, allowed to obtain interpolated HS
data with a grid resolution of 1 m. DSM from TLS data cov-
ered 60% of the base area of the rock face. Main measure-
ment shadows occurred at the bottom of the rock face. Anal-
ysis showed that within the measurement shadows of the TLS
interpolation does not lead to satisfactory results. Unfortu-
nately, in this study, no direct accuracy estimations, similar
to Prokop et al. (2008), were possible due to the inaccessibil-
ity of the rock face. To estimate the errors of obtained TLS
data, repeatability and reproducibility tests were preformed
(Sect. 2.5). Absolute errors of those tests were in the order
of one decimetre (8–13 cm). Compared to the results of pre-
vious studies in more gentle terrain (e.g. Prokop et al., 2008;
Gru¨newald et al., 2010) and product information from the
manufacturer of the TLS Riegl (Riegl, 2005), results of this
study had higher errors. The mean differences between ALS-
and TLS- DEMs, obtained in the rock face, were nearly 0.5 m
and mainly occurred in the steep and rough areas, where dis-
tinct look angles most come into effect.
Findings of this study show that in a rock face – due to
the rough topography – the performance of TLS to obtain
HS data is poorer than in more gentle terrain. Neverthe-
less with a mean error of approximately one decimetre (re-
producibility tests), data were suitable to study the spatial
variability of HS and HS changes in a rock face even on a
small scale (1 m). The high differences between the TLS-
and ALS-DEMs demonstrate the importance of a favourable
look-angle.
 )DFWRUV influencing WKH GLVWULEXWLRQ RI +6
During the entire observation season, the spatial patterns of
HS remained similar although HS changes between periods
differed depending on weather conditions. Strong wind dom-
inated snowfall events and led to accumulation patterns in
those periods, which correlated strongly with HS distribution
at the end of the accumulation season. The distribution of HS
is therefore strongly controlled by snowfall in combination
with strong winds. Schirmer et al. (2011) made similar obser-
vations during the accumulation period in winter 2008/2009
in the Albertibach catchment. The timing of melt out was
mostly dominated by the characteristics of those accumula-
tions (cf. Gru¨newald et al., 2010; Anderton et al., 2002 and
Luce et al., 1998). Correlations between HS and its changes
with terrain parameters were generally weak and the correla-
tion coefficients between HS at the end of the accumulation
season and terrain parameters were similar to those of previ-
ous studies in smoother terrain (e.g. Anderton et al., 2002 and
Winstral et al., 2002). Correlations were weaker during ab-
lation than during accumulation (cf. Blo¨schel and Kirnbauer,
1992). The hypothesis that rough terrain tends to accumulate
more snow is not supported (Fig. 10) in agreement with the
recent study of Lehning et al. (2011), who show that rougher
terrain holds less snow and that a fractal roughness parameter
offers a high explanatory power for snow depth distribution.
The difference to earlier and also this study in their approach
has been that terrain characteristics are looked at for small
sub-areas and not on a pixel basis (Lehning et al., 2011). The
second hypothesis that snow cannot permanently accumulate
at slope angles greater than a threshold (e.g., > 60◦) due to
avalanching is not supported (Fig. 8). We indeed found half
of the cells were snow-covered in steep parts (> 60◦) of the
rock face. This may be a result of the particular surface ge-
ometry of this rock face. A general decrease of HS with
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increasing slope angle is not confirmed by our data, either
(Fig. 8). However, SCA at the end of the accumulation sea-
son was markedly less steep (median = 39◦) than the snow
free area (median = 44◦). The comparison with previous
studies that found a decrease in SCA with increasing slope
(e.g. Blo¨schl and Kirnbauer, 1992) is difficult because they
used coarser DEMs in terrain that was generally smoother
than that in this study.
It appears that terrain-wind interactions played a major
role in the rock face because the main accumulation zones
were in the lee behind ridges (Figs. 5 and 6), highest HS oc-
curred in areas with a steepness between 30◦ and 55◦ (Fig. 8),
comparably little snow was accumulated during periods with
strong winds and flat areas were mostly snow free due to
wind-drift.
 5HDVRQV IRU UHGXFHG +6 LQ WKH URFN IDFH
Compared to the more gently sloping sites, the rock face is
characterized by smaller mean HStot and SCA as well as a
higher variability of HStot (Fig. 3, Table 2 and Fig. 4). A
possible reason for smaller HStot is higher snow density. The
transport of snow by avalanching (which was not observed)
or wind usually increases its density. Other possible reasons
for the reduced HStot could include higher solar radiation in-
put due to the topography or lower albedo (snow free areas)
or evacuation of mass by avalanching and wind drift, and are
discussed below.
As in previous studies (e.g. Lapen and Martz, 1996; Es-
sery and Pomeroy, 2004 and Gru¨newald et al., 2010) we ob-
served that borders of snow patches became snow free ear-
lier than their centre parts and that areas with patchy snow
cover became snow-free earlier than those with continuous
snow cover. The faster meltout could be caused by the thin-
ner snow cover at the borders or by the smaller albedo of the
snow free areas with an associated transport of sensible heat
to the borders of the snow patches. Neumann and Marsh
(1998) found that the transport of sensible heat (advection
processes) increases with decreasing patch size and increas-
ing wind speed. The southwest exposure of the measured
rock face may additionally promote these effects. The quan-
tification of the effective difference in the reduction of HS at
the borders compared to the central parts of the patches was
not possible due to the limitations of the temporal resolu-
tion of our measurements but has been addressed by Mott
et al. (2011). If mean HStot in the rock face was com-
pared to an area inside the Albertibach catchment with sim-
ilar slope aspect and slope angles, but generally much gen-
tler and smoother terrain, the mean HStot and SCA in the
rock face were still smaller; and the difference was simi-
lar to that in the entire Albertibach catchment. In addition
we observed that within the rock face cells with comparably
higher decrease in HS did only slightly differ from those with
low changes regarding slope angle (Fig. 9). The influence of
varying topography and lower albedo on smaller HStot could
therefore not be shown in our analysis. For an improved un-
derstanding of processes related to solar radiation additional
measurements with higher temporal resolution in rock faces
with a larger range of slope aspects would be necessary.
Mean HStot in the rock face including the foot of slope
where avalanches deposits would accumulate, was compared
to the mean HStot in the Albertibach catchment. HStot were
calculated based on the ALS measurements of 9 April 2009.
Excluding the slope foot the mean HStot in the rock face was
0.6 m (σ = 1.48 m). Including the slope foot the mean snow
depth was 0.8 m (σ = 1.38 m). In comparison to the HStot
in the Albertibach catchment (µ = 138 cm, σ = 108 cm)
this was still almost 50% less. But a higher density of the
deposited snow due to avalanching (e.g. Elder et al., 1998)
could not have been considered because of the inaccessibil-
ity. It seems that avalanching contributed to causing a smaller
HStot in the rock face but was not the main reason. Due to
the fact that during periods with strong winds, e.g. from 18
to 27 March, comparably less snow was accumulated in the
rock face than in the other two sites (70% less), while dur-
ing a period with nearly no wind more snow accumulated
in the rock face (+10%, period from 16 to 28 January, Ta-
ble 2), we assume that wind transport may play a signifi-
cant role. The observations suggest that total precipitation of
snow per square meter horizontal surface is significantly re-
duced in the rock face compared to the neighbouring Albert-
ibach. This supports the hypothesis that larger scale trans-
port, which has been defined and described as preferential
deposition by Lehning et al. (2008) and further described by
Dadic et al. (2010) and Mott et al. (2010) accounted to a ma-
jor part for the smaller HStot inside the rock face observed.
 &RQFOXVLRQV
It was found that TLS is a suitable method for measuring
snow-covered surfaces in steep and rough terrain. Based on
the spatial resolution DSM with a grid size of 1 m could
be obtained. The estimated errors were in the order of
one decimetre and therefore suitable to analyze HS and HS
changes of the observation periods.
Mean HStot and SCA in the rock face were lower during
the entire winter compared to point measurements in a flat
area and to TLS measurements in a smoother neighbouring
catchment. The temporal evolution of mean HStot was simi-
lar at all three sites. Decreases in HS, especially during ab-
lation periods, were generally stronger; increases generally
smaller.
The distribution of HS in the rock face showed similar pat-
terns during the entire observation period. Minima and max-
ima of HS always occurred in the same spots, even if distri-
butions of HS change differed, depending on weather condi-
tions. The main accumulation zones were in the lee behind
ridges, orientated normal to the main wind direction. The
distribution of HSmax was mainly determined by snowfall in
combination with strong northwest winds. Decreases of HS
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were stronger at places where HS was higher, yet these zones
remained snow-covered the longest in spring.
Linear correlations between HS distributions and simple
terrain parameters of the underlying topography were weak.
Snow covered cells were generally smoother and less steep,
but highest SCA and HS occurred at slopes with angles of ap-
proximately 40◦ and not in the flattest parts of the rock face.
On this small-scale we could not observe a decrease of HS
or SCA with increasing slope angle and snow accumulated
permanently even in very steep (> 50◦) terrain. More than
25% of the area, which was snow covered during the ob-
served period in the accumulation season, was steeper than
50◦. Terrain-wind interactions were likely the main factors
influencing the variability of HS inside the rock face ob-
served. In particular the total mass balance of the entire face
compared to the Albertibach area suggests larger scale trans-
port compatible with the idea of preferential deposition (Mott
et al., 2010). Avalanching and slope-angle-dependent solar
radiation played a minor role.
This study gives a first overview of HS in a rock face
but it is a small rock face with a narrow range of slope as-
pects and altitude and only the HS development of one sea-
son was measured. We therefore expect that results may dif-
fer for other rock faces with different characteristics. To in-
crease knowledge on processes contributing to the HS dis-
tribution in a rock face further measurements in rock faces
with other characteristics as well as higher temporal reso-
lution would help, as well as information about snow den-
sity. To describe the spatial HS distribution in a rock face
the influence of wind-terrain-interactions should be inves-
tigated. Possibilities would be physically-based energy-
wind-models (e.g. Mott et al., 2010) or parameterizations
of wind-exposure such as the one formulated by Winstral et
al. (2002).
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